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SUMMARY

Flow surveys have beenmadeinthefirstofseveralnozzlestobe
investigatedintheLangleyU-inchhypersonictunnel.Thenozzlewas
designedby the method ofcharacteristicsfor a hch nmberof6.98. !lko
2-dimensionalstepswereused:thefirststepex&a@edtheairinthe
horizontalplanetoa ~ch nmiberof4.36 andthesecondinthevertical
planetoa Machnumberof6.98.

Thetestresultsshowedthat,althougha msdmumWch numberof
about6.5 wasobtained,theflowinthetestsectionwasnotsufficiently
uniformforquantitativewind4mnneltestpurposes.Deviationsfromthe
designflowweretraced.tothepresenceofa thickboundarylayerwhich
developedinthefirststepalongtheparallelwalls.

INTRODUCTION.

Wind+mmelequipmentcapableofproducingMachnunibersinexcess
of5 isneededtoprovidebasicaerodynamicdatainthehypersonicspeed
range.Abovea Machnumberofapproximately4,however,thedifficulties
ofobtainingacceptableflowina windtummlincreaserapidlywith
Machnun@er.Amongthefactorsinvolvedexethelargeareaexpansion
ratios,thelargevariationsinstaticpressurefromthesettling
chambertothetestsection,thelargetemperaturereductionthattakes
placethrou@thenozzle,and.thelargepressureratiosrequiredto
maintaintheflow.

A projectwasundertakeninvolvingtheconstructionofa pilot
hypersonicwindtunnelinwhichtheflowproblemscouldbestudied.
Anintermittentt~ oftunnelwaschosenwhichdischargedairtroma
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hig&pressuretank
throughthenozzle
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withan initial Wessure ofshut 50 atmospheres
andtfxt sectionimtoa vacumntank.Thistypeof

tunneiwasselectedsothatveryhighpressureratioscouldbepravided
acrossthesystem.A testsection10inchessquarewasselected.as
a~oxinmtelythesmallestpracticalsize~ thec~iderationof
accuracyofconstruction,”test+modeldimensions,andflow—sumeydetails.
o~rationofthehy-persanictmnelwasbegunNuveniber26,194’7. The
first of a seriesofnozzlesinvestigatedm thistunnelwasthetwo-
stepordouble+~ion M = 6.98nozzle discussedinthis~per.
Included- theseriesofgozzlesisa singl~tepnozzle,desi~ed
fm M = 7.0,Whichisc“izrrentlyunderinvestigation.Thescope ofthe
presentXELperisl~ted totheinvestigationoftheflowthroughthe
t~tep nozzle.
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verttcalstationmeasuredfromhorizontalcenterline(tableI).
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THEI!R(BLEWOFTHEHYPERSONICTUNNEL c
●

Asmentionedpreviously,thisinvestigationwasundertakentostudy
theproblemstobemettid&igninghypersonictunnels.Themost
importantofthese

(1) Thelarge

(2) The large
theflow

(3)me ~w
throu@thenozzle

(4)The large

problemsresultfromthefollowingfactors:

arearatios

pressureratiosatrossthesystemrequired to maintain

decreaseinfree-streamtemperaturethattakesplace

variationsinstaticpressurethroughthenozzle
.0

Thelargeareaeqansionfromthefirstminimum,or M = 1 section,
tothetestsection,orfinalMachnuuibersection(104.1:1at M * 7),
createsmanydifficulties.Ingeneral,itmeansthatthefirstminimum
areabecomesverysmall.andrequiresexlnxmelyaccuratemachinework.
Theflowinthenozzleisalsoverysensitivetosmellboundary-layer
changesatthefirstminimum.Fortheapproximatelyl,&inch+quare
testsectionofthenozzleusedinthisinvesti~tion,thefirst~
areaisabout1 squareinch.Ina conventionaltwo—dimensionalnozzle,
thiswouldamounttoa slit1/10inchhighahd10incheswide,whereas
ata lhchnumberof10thisslitwouldbereducedtoa heightofabout
0.020inch.Nozzleswhichavoidtheneedfora thinslitlikefirst
minimumarethetwo-stepnozzlewhichmayhavean-almostsquarethroat
@i thethree45mensionalnozzle..Thethree-dimensionalformofnozzle
involvesmanydesignproblems,particularlyifopticalviewingofthe
flowiSrqdred.

AlsoencounteredatthehighMachnmibersisthedifficultyof
providingthelargepressureratiosrequiredtodrivethetunnel.I&
emxmple,thestagnation-pressureratioacrossa normalshockat M = 7
isabout65,while at M = 10 itbecomesabout328. Useoftheseshock
lossesasa roughindextothereg@redpressureratiosindicatesthat,
withreasonablesizeanddensities,largeamountsofpo+mrwillbe
requiredtodrivea hypersonictunnel.Ofcourse,bytheuseofsecmd
minimum(thatis,anareareductionafterthetestsection)a
substantialreductiminthepressureratiorequiredtomainklnflow
canbeexpected.

A thirdmajorobstacletoovercomeIncindertoobtaina satisfactory
flowistheheatingrequirement.Inordertomaintainthestatic
temperatureoftheairabovetheliquef@iontempe=tureinthetest
section,thestagnationtemperaturemustbe increasedtoa pointat

,
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whichmsny+ructurdproblemsareencounteredandthedesignofheaters
isetiremelydifficult.Thus,witha 50+tmospherestdgnationpressure
at M = 7,a sta~thn te~ratureofabout640°F isrequiredto
maintaintheairabovetheliquefactionpoint.At M = 10,tlxlste~~
atureincreasestoappr=imatelylkOOOF. Theliquefactiontemperature
ofairwasassumedtobethatofoxygenatitsmial Fessure.
Sli@ly highertemperaturesthantheseareprefemblebecauseofthe
cliffIcultiesofevaluatingthemtio ofthespecificheatsnearthe
liquefactionpointandtheintereffectoftheccznponentsoftheairon
theliquefactionpoint.

Thewiderangeofpressurese~riencedinthenozzlegivesrise
tosomeclifficultles.Thus,themethodsofmeasurementmustbechanged
fromthoseusedinnormalwind-tunnelpractice.Forexample,the
opticalmeansofobservingtheflowmustbeextremelysensitivebecause
oftheextremelylowdensitiesencountered.inthetestsectim.even “
withreasonablyhighstagnationPresdmeq.Ne mSmS in the test
sectionarelowevenwithstagnationwessuresoftheorderof
50 atmospheres.Theselowpressuresmaketheaccuratemeasurementof
pressuresclifficult.Highstagnationpressuresarealsorequiredif
therealmofaerodynamicsinwhichthemeanfree~th ofthegas
moleculesbecomesap~eciableistobeavoided.

Overthewiderangeofpressuresandtemperaturesencounteredin
hypersonicwindtunnels,somedeviationfromtheperfect-gaslawscan
beex&ected.TheseeffectsaresomeWhatminhizedbyusinga high
staptiontempm’aturewiththehighstagnationpressure.Fora lkch
nuniber7 tunnelwithstagnationpressuresupto50 atmospheresanda
stagnationtemperatureUOund1000°F absolute,theimperfect-gaseffects
canbeneglected.

Sevemil.oftheseforegoingfactorstendtohavea largebut
difficulWx+analyzeeffectontheboundarylayerfoundinthenozzle.
Highstagnationtemwraturesandheatconductionthrrou@theboundary
layertendtocauselergeviscositygrad4ents.Zntheportionsofthe
nozzleinwhichlargestati~~essuregradientsoccur,thereisa large
s-bilizingeffectontheboundarylayertendingtokeepitlaminarand
thin.TheReynoldsnuniberisalsoofimportanceinasmuchasa high
Reynoldsnunberhasa destabilizingeffectonthelaminarlmumkry
layer.

Generaldescrivtion.-Thehyprsonictunnelofthisinvestigation,
whichwasdesignedprimarilytooperateovera _ ofkh nunibers
from6to10,isshuwnschematicallyinfigure1. Thehighpressure

.
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ratiorequiredtoovercomeshookandbo~layer lossesissupplied.
bydischargingairfroma high+resauretsnktoa vacuumtemk.These
tanksareshowninfigures2 and3. Thehiglqmessuretankstores
MO cubicfeetof5&kInospheIwairwhichisemitted.througha motorized
~-inch valvetoa heatexche.qprwheretheairisheated.
2

?&cmthe

heatexczr, theairpassesthrougha qzick+pen&valvetothe
settl~ chmiber,thenthroughthenozzle,andbywayofa 2&inchvalve
tothecooler,andintothe12,000+ubic-footvacuumtank.Theportion
ofthetunnelfromtheheatexchangertothe2&inchvalveisshownin
figure4. ,

Thetunnel,slthoughoftheintermittenttype,hasa closedsystem
whereintheair inthevacuumtaukispumpedbackintothehigh-pressure
tanklymeansofa vacuumpumpanda three+tagecompressorconnected.in
series.Reuseoftestatrbymeansoftheclosedsystemreducesthe
&@ng ~oblem.Aashowninthedi~tic arrangement(fig.1),the
twopumpsaredrivensimultaneouslyfroma conunondrive.J&terleaving
thslaststageoftheccqressor,theairpassesthroughauoiland
moisturetrapandanairfilterbeforebeingdriedanddischargedto
thehigh-~essuretank.!l?hedr@lgisaccomplishedatthepressureof
50atmospheresatwhichitis~ssibletoremoveapproximatelyallbut
1 ~rt ofwaterin2,000,000partsof’air. Thishighdegreeofdryness,
however,wasseldomobtainedinpractice.Theairinthedryer“is
maintainedatthehighpressurebya regulatingvalveonthedis~ge
side.

Th$heatexchangerIsofthehea~toragetypeandisshownin
cutawayinfigure5.Itconsistsofa castalloysteelcase~ked with
coppertubing.Thettilngisarrangedinfourgroupstoreducetherate
ofheatconductionfromthedownstreamendtotheupstreamexln%mity ,
whichiscooledmostduringthe=- ~riod; tws thetemperature
Qftheairleavingtheheaterismaintainedessentiallyconstant.The
heatexchangerisbroughtuptotem~ratureovera longperiodoftime
bycheatingelementswra~d aroundthecase.

Thisheaterhasseveraldisadvantages,themostob~ectionablebeing
a coppe~xidescalewhichformsonthecoppertubingwiththeresult
thatparticlesofscaleare.sweptdownstreamduringtheperiodof
running.Mostofthisscalewasbeingcarriedintothenozzlewiththe
initisll.blastofah asthequick=qmningvalvewasopened.Muchofthe
copperoxidecouldbeeliminatedfromthestreambyusingthemuchmore
slowlyopeningmotorizedvalveupstreamoftheheatexchangertostart
therun. Heatingtheheatexchangerwhileevacuatedorwhilefil.led
withaninertgassuchasnitrogeninordertoretardtherateof
scalingwasalsoadvantageous.

—... . .- .——- .—.— .—-. ——.. -. — -— ——. — .—



6 I?AcA!l!K2171 “

Anotherdifficultyencounteredwiththeheatexchangeristhepoor
heatconductionfromtheheaterstotheinnermosttaibes~ Thisfactor
requiresa lengthyheating~riodandeffectivelylimitsthemsximum
temperatureoftheairoutbftheheatertoabout850°F.

Inordertoavoidhavinga highMachnuuiberstreamwitha high
stagnationpressureenteringthelargetubedownstre~ofthenozzleand
possiblydamagingtheturningvanesandcoolerduringthefirstfew
secondsofrunningtimewhenextremelyhighpressureratiosare
available,a chokeorreduced+reasectionwasplacedinthewssageway
aheadofa 211-inchvalve.T@ chokewasofsucha sizethatsumrsonic
fluwcouldnotbeestablishedinthe2-footpiw upstreamofthechoke
sothata shocklossanda reducedtotalpressureoccurredupstreamof
thecoolersandvanes.

‘A cooler~s placed~eforethevacuumtenkinordertocoolthehot
airandthusincreasetheeffectivenessofthevacuumtank.

Anadditionalvacuumpumpcawbleofobtainingveryhighvacuums
wasalsopruvidedinordertoreducethevacuum-tankandtunnelpressure
sufficientlytoallowteststobemadewithstagnationpressuresaslow
as1 atmosphere~

b
l@2zlQ.-Tlmnozzlesurveyedisofthedouble-e~iontype.In

thisformofnozzle,thefirstminimumismre nearlysquarethanthat
inthesingle+tept~ nsionalnozzle.Thefirststepe- the .

m+dimnsionallytoa.Machnuuiber-intermediatebetweenunityandgast
thefi.nalMachnumber.lhthesecondstep,thegase- atright
anglestothath thefirsteqsion tothefinalIhchnumber.The
nozzletestedisshowninfigure6withthetopp@te of thefirst
expsasionad onsofthesideplatesoftheseconde~lon removedto
showthenozzlecontours.Anotherviewisshowninfigure7which
includesa test+ectionsideplatewitha schlierenviewingwindowin
place.Thenozzleisshowninplaceinthetunnelinfi~ 8.

.
Themethodofcharacteristicswas”usedtodesignbothstepsofthe

nozzle.Thethroatis1.500incheshighby0.667”@h wide,thusthe
firstMnimumareais1 squareinch.Thefirstnozzlewasdesigned
toexpmdairfromthethr-ttoa section1.500incheshighby
9.950incheswidewitha Machnmiberof4.36.Theseconde~ion
commnceswitha suddenbreakof10.25°inthe9.950-inch+idewalland
e- theah toa finaldesignMaohnupiberof6.98.Thetest-section
dimensionswiththisnozzleare9.950inchesinwidthby10.514Inches
inheight. .

Thenozzledesigncmdinatesarewesentedh tableZ. Theseare
thetheoretical.ordinatesbasedcmthemethodofcharacteristics,.with
noallowanceforboundaryla~r..

.
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largermge ofcmditionsthrough
Mxh nuuiberandtheshorttimeof
considerablechangeintechniques
fromthosecommonlyused.

thenozzleassociatedwith
operationavailablehave
and~ehres ofsurveying

Pressurerecord.inq.-Wall~essures,forexample,varytrom
46atmospheresinthesettlingchambertoabout10millimetersof ~
“mercuryorlessinthetestsection.Thepressuresandoperating
conditionsattheseextremesmakeconventionalmanometersimpractical.
Furthermore,theshortdurationoftherunrequiresthata shorttimelag
anda timehistaryofthepressuresbeobtained.(Thesettling+hamber
~essure,f= example,mayvaryduringa runfrom46atmospheresatthe
startoftherunto34atmospheresattheend.)

TheWessure+ecordinginstrumentsshowninfigures9and10were
develowdforthisprojectbytheInstrumentResearchDivisionofthe
~@;Y Am~tiicti Laboratoryandareanadaptationofa t~ usedin

Thebellowsofthel-pressurecellsisofthenestingt=
sotha~itcanbee~osedtoatmos@ericpressure‘withoutdamage.The
intezmallyevacuatedbellowse- whentheedmrnalpressureis
reduced;thise-ion Isctiertedintoa rotatiopofa smallmirrcn
whichreflectsa besmoflighttoa movingfilm,therebygivinga time
historyoftheIYXXSUre.Anaccuracyofaboutone+halfof1 pnwentof
full-scaledeflectiacenbeobtainedthroughcarefulcalibrationand
readingoftherecordsoftheextremelylowpressuremeasuringcells.
Theaccuracyisoftheseineorderforthecellsinthe_ uPto
2 atmosmeres;however,sincethefull-scaledeflectionsofthesecells
arenutusuallyobtainedduringtests,anaverageapeuracy ofabout
1 percentisobtainedforindividualtestpoints.Fortheinstrument
cellsusedinthemeasurementof@wssuresintherangesabove
2 atmos@mres,anaccuracyof1 percentatfull-scaledeflectionis
obtained.Theinstrumentsareinsensitivetoroomteqpxdmreoverthe
rangenormallyencounteredintesting.

.

Schlierensystem.-Theschlierensystemusedisofthedouble-
traversecoincidenttypeas showninfigure11. Thesyptemwasso
constructedthateitherhorizontalorverticalviewingthrou@thetest
section,verticalviewingthroughthefirstexpmsion,andhorlzoidal.
viewing“th&mghthesecmle~ion couldbeobtained.Thedouble-
traversecoincidetit~ ofschlierensystemwasusedbecauseofthe
highdegreeofsensitivitysucha systemaffords.A largeradiuhof
curvature(20ft)onthe1.2-inch4iametersphericalmirrorwasalso
usedtoobtaina highsensitivity.sAlthoughthemth oflightrays
throughthesectionbeingviewedisconical,thedeviationfrom=el
isn@.igibleinmostcasesbecauseofthelargeradiusofcm?vatureand

.. .. . .. . . . ___ _ ___ ____ _. ___ ----- --- -
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thesmalleffectiveapertureof-this-or. Thesystemhasbeenfound
tobeextremelysensitive;infact,itislimited.primarilybythe

. qualityofthewidowswhichwerethebestavailableatthetime.A
schlierenphotographofthewindowsisshowninfigure12(a).An
indicationoftheschlierensensitivityy canbeobtainedfl?omfigure12(b), ‘
whichisa schlierenphotogra@oftheflowabouta 4°included+e
coneata Machnuniberof6.5.AtthisMachmmiber,thetheoretical.
densitychangeacrossa shockontheconeisonlyabout1.3 percentof
theflw~ream densitywhichisabout6to7 percentofatmospheric
aensity.Theseshockpatternsfromtlm4°coneweretooclosetothe
limitingsensitivityforconsistentlygoodschlierenphotographstobe
obtained;therefore,thema~orityofthetestsweremadeusinga
10°include-e ,cone,anda fewtestsweremadewitha 5°cone.A
schlierenphotographoftheflowaboutthe10°coneusedinthesurvey
isshowninfigure13, alongwitha photogaphwithROflowshowingthe
windowflaws- referencelines.ThedensityIncreaseacrosstheshock
fromthe10°coneistheoreticallyabout18timesasgreatasthatfor
the4°cone.Theschlierenphotographswereobtainedwiththeuseofa
mercuryvaporlsmpandamewsure of1/50 of a‘second.

MEI’HODSAm lwcEmRm

Wallpressures.-StaticwallPressuresaalong
obtainedfromO.02>3nch+iameterorificesinthe
Thesepressureswereusedincon.lunctionwiththe
press&eorthetotal

Conepressures.-
onthesurveycones.
orificeswerilocated

Theratioofthe

pressures~o detemineMach

*

thenozzlewere
sidewallplates.
settl~hamber
nmibers.

fiessureswereobtainedfromorificesinstalled
Forexample,onthe10%ncludebmglecone,
90°apartasshowninfigure14.

averageconesurfaoepressuretothevalueofthe
stagnationpressure~er thenormslshockP.g fromthepressure-
recoverysurveyateachstationwasusedtoobtaintheMachmmiber.The
methodofcomputingtheflowaboutcones$romreferences1,2,3,and4
combinedwiththenormil-shockequationswasusedtodeteminethel&ch
numberandflowangles.Thismethodassumesuniformirrotati.onalflow.

Schlierensurvey.-Machnumbersandflowangleshavebeendetermined
flmmschlierenphotographsoftheshocksfromcones.Withuniformflow,
theMch numberandfloiranglemaybeobtainedfromtheshockanglesby
usingthetheoreticalstudiesoftheflowaboutconesparalleltothe
flowandconesatsmallsinglesofyawofreferences1 and2 andthe
tabulatedvaluesinreferences3and4. Inthispresentinvestigation,
however,theflowisnonuniformwithlargevariationsinbothflowangle
andMch number.

------ .. ——— —
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Forthepurposeofobtainingapproximatemeasurementsoftheflow
inthepresentinvestigation,theshockangleatanypointisassumedto
bea uniquefunctionoftheconeangle,thehkchnuuiber,andtheflow
angleimmediatelyaheadoftheshockatthepointunderconsideration.# Thisassumptionisexactonlywhenthestrengthoftheshockisreduced
tozero.Withtherelativelyweakshockfrmutheconestested.,however,
thisassumptionisbelievedtogivereasonablygoodaccuraoy.

Becauseitistipossihletomakea conewitha perfectpointandto
matitaina finepointfora seriesoftests,andbecausetheeffectsof
boundary-layergrowtharethegreatestatthepointofthecone,the
shockangleswere not measuredatthevertex.Instead,theshockangles
weremeasuredattwoarbitrarystationslocatedapproximately2
and4 inchesfromthevertexofthecone.Theshockangleswereplotted
againstposition(Y-s ondiagram)withtheuseofthestationonthe
shockasthepointunderinvestigateion.Jnthefollowingdiagram
ea isplottedagadn.stYa and eb against Yb. Thus,in thisfashion,
twocurvesareobtained,oneforthelowershockfromtheconeandthe
otherfortheuppershock.I&cmthefairedcurvesoftheseplotsis

—.. — LL_$___
Refe?wzce tine —- —

I
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obtainedthevalueoftheupperandlowershockanglesat
Theaverageoftheseanglesisusedtodeterminethekhch

As shuuninthefigure,thisprocedureisassumedto

NAcATN21Tl,
d

thestation. ,J
nuuiber.

givethesame“
resultsasifa perfect‘c= withthessmeangleasthetestconewere ,
placedatthestationsbeinginvestigated(Ya and ~ ondiagmm)and
theshocksfromitsvertexmeasured.

Theflowangleata stationcanbee~ssed asa functionofthe
difference= theshockanglesandtheMch nuniber,whichhasbeen
determined.Forexample,atanypointY beinginvestigatedfora
givenconeangle

(

ThuE,bymeansofthetablesofreference3, $heflq angleisdetermined
intheviewingplaneoftheschlierensystem.

Disturbanceratterns.-Disturbancepatte~ inthefirstexpansion
wereobtainedbytheuseoftheschlierensystem.Thintapesabout
0.0035inchthickand1/4and1/2inchwi~ wereusedonthenozzle
blockstoprovidethedisturbance.Because,inthefirstb~ion, the
airisnotexpmdedsufficientlytodropthestatictemperaturebelow“
theliquefactionpointwiththeairunheatedandnonoticeablechangein
well staticpressureoccurredwithchangesinstagnationtemperature,
thepatternsinthefirstnozzlewereobtainedwiththestagnation
tem~ratureapprodmatelyequaltoroomtemperature.Becauseofthe
highstagnationtempe=turerequiredtoavoidliquefactionanda thick
boundarylayer,satisfactorypatternswerenotobtainedforthesecond.
e~ion. .

yotal-uressuresurve~.—TheStqtion-pressureWobesusedInthe
nozzle,sareshowninfigure14. - thefirstexpansion,a“small~obe
projettedfromthetunnelwallandextendedtothecenterofthestream.
Theroundtube~om whichthepressuretubesPJect wasshowntohave
noeffectonthepressurereadingsinasmuchasthepressureswere
independentofthelengthofthemeasuringtubes.Thepressure
measuredbythesetubes.isthepressurebehindthenormalshockwhich
formsacrossthefrontofthetube.-Attheendof’thefirstnozzle,
thisWessureisap~oximatelyone-tenthofthestagnationpressure-.In
thetestsectionatthedesignWch nuniber,thetotal+eadtubesread
only1.5percentofthefree+treamtotalpressure.

. ——. — —— -.. —----— ----— .—--- .—---
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. Thestaticpressureshavebeenobtainedfromwallorificesandhave
beenass-d constantlaterallyacrossthetestsection(thatis,no
variationwiththe Y coordinate)atthegiven-tation..

Stagnatia temperature.-ThestagnationAemperaturesurveywasmade
withthetemperatureprobeshowninfigure14. Thisprobeisa light-
weightdouble-shieldedthermocouplewithbleedholesattherearofthe
shieldswhichal.luwa smallamountofairtoflowthroughtheprobe.
Theprobewasdesignedtobeaslightaspossiblesoastogivea minimum
oftem~raturelag.Theratioofthetemperaturesoftheprobe&d
the.settling-chsmberthermocouplereacheda steadyvalueoverthelatter
partoftherun.

l&ee+treamstaticpressures.-Nofree-streamstaticpressureswere
obtainedbecausethepoorflowinthenozzlesmadetheirmeasurement
difficult. Sincethenozzleappearedunsatisfactoryfortesting
purposes,furtheror mre completesurveysthanhereindescribedwere
notwarranted.

OperatingConaitions.-Plotsoftheresultsofa typicaltestrun
arepresentedinfigure15. Althoughthestagnationpressurevaries
appreciablyduringthetestperiod,the”ratioofthewallstatic
pressuretdsettl~luuiberpressureremainsessentiallyconstant.In
thisfigure,thedurationoftherunisseentobeawoximtely
30seconds,withconditionsreasonablywell.stabilizedafter”8seconds.
In nerd,thesettl~hanbertempmatureismaintainedbetween

F650tmd850°F. Slightlylowertemperatureswereobtainedforthe
specialtestsatlowsettling-chmiberpressuresbecauseofthehigh-
percentageheatlossesatthelowpressures.Allruns,however,were
madewiththetest+ectionstatictemperatureabovetheliquefaction“
tempe?xdmreforthepressuresatwhichthetestsweremade.#

Thedewpointoftheairinthesystemwas~titainedata ‘
temperaturebelow+OOF atatmosphericp?essureforallruns.

Inthenozzle,thefree+treamRe~oldszumiberperfootoflength
ishighbecauseofhighairvelocities~d thelow~scositY~even.
thoughthedensityislow. b theconstantl&chnmbersectionatthe

. endofthefirstexpansion,a’Reynoldsnumberofabout14X 106per
footis obtainedwhichdecreasestoabout4.8 x 106perfootatthe
testsection.(Thetest+ectionReynoldsnmuberperfootisthatwhich

. wouldbeeqeriencedatan~titudeofatiout60,000ftata lkchnumber
of7.)

.- . . . . . —- ..___ .— - -——-——----- .-. —-..—---- - — -— -- — -. .———---- ------
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RESUEJWANDDISCUSSION
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.

Wall-pressuresurveys.-Pressuremeasurementswere
centerlineofthe-el wallsofthefirstnozzle.
havebeenconvertedtoindicatedMachnumbers(7= 1.4

madealongthe ‘‘
Thepressures
isentropicflow)

whichexepresentedinfigure16alongwitha theoreticalordesignMach
numberdistribution.Throughthefirstportionofthenozzle,the
theoreticalandexperimentalcurvesarenearlyidentical..Astheconstti
E&h numberportionofthecurveisapproached,thee~erimental.curve
dropsbelowthetheoreticsl.Thisdeviationisattributedlargelyto
thegrowthofboundarylayerandisdiscussedinmoredetailina later
section.

Thevariationofthetheoreticalande~rimentalindicatedMach
numberdistributionalo&thecenterlineofthewallofthesecond
expansionispresentedinfigure17. Thisfigureindicatesthatthe
actualexpansionstartsearlierthanthetheoretical.expansionandthat
apmciableeffectflmmboundarylayeroccursatthesuddenexpansion.
Thenozzleisnotfunctioningasthedesignconditionspredicted.A
maximumindicatedllachnuuiberalongthecenterlineof6.67isobtained.
atstation66. Beyondthisstation,a wavydistributionisobtained
which probablyoriginatesfromthepoorflowatthestartofthesecond
expansion.

Thepressuresweremeasuredovermostoftheflatwallofthefirst
expansion.Theserestitsare~esentedinfigure18asa Machnuuiber
contourplot.Thetophalfofthefigurepresentsthetheoretic&1or
designcontours,wher”easthelowerhalfshowstheexperimentalcontours.
Smallcrossesinthisfigureshowthelocationofthepressureorifices
f%omwhichtheresultswereobtained.Thepressuresinthefirst
portionofthisex$ansionagreereasonablywellwiththetheoretical
pressuresuntila Machnuniberofabout4.10isobtained.Beyondthis
point,theactualcontoursdiffergreatlyfromthetheoretical.As
shownpreviousl~infigure16,thefinaldesignMachnmiberisnever
reached.ThevariationinindicatedMachnumberoverthecenterand
rearportionoffirstexpsnsionofthenozzleisactuallysmalland
representsa meSmumvariationoflittleover1 percent.

A similarcontourplotispresentedinfigure19forthesecond .
expsnsion.The&Lfferenceshownbetweenthetheoreticalandexperimental
contoursindicatesthata completelydifferenttyp offlowistaking
placefromthatfarwhichthenozzlewasdesigned.Thedeviationofthe
contoursi%omthetheoreticalistoogreattobeexplainedbyany
sinmlesmtemofex?ansionandcomwessionwaves.Itisinterestingto
not:thaia maximum-indicatedMach-numberof6.79wasobtainedat
66-inchstationslightlyoffthecenterline.A smllareaabout
8 incheslongand3#incheshighinthetestsecticmhadlessthan

.
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a l-percentveriationinMaohnumber.These
wallpressuresandsettl~heaiberpressure
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lhchnunbersobtainedfrom
aresubjecttounlmown

correctionsduetolossesintotalpressureandvariationsinstatic
pressurefromthewalltothecenterofthestream.

Disturbancepatternsinfirstexpansion.-Schlierenphotographs,
showninfiguresZ?O(a)and20(b),weretakenofthedisturbance~ttern
causedbythetape.Theexposuretimeforfigure20(a)wasa few .
microseconds,whilethatfor20(h)wasl/~ second.Also,in
figure20(b),someoftheupstreamtapehasbeenremoved.Figure20(c)
isa schlierenpicturewithoutflowwhichshowstheflawsM thewindows
andreferencewires.

Eromtheseandothersixu&rschllerenphotographs,thecom~son
shuwninfigure!21hasbeenmadebetweentheshockp?kternsand
theoreticallhchwaves.Ingeneral,thedisturbancefromthefront
edgeofthetapeindicatesslightlyhighershockanglesthanthe
theoreticallhchangle;however,thed3slnzrbancefromtherearofthe

. tapeata point2 inchesdownstreamofthefirstminimumhasthesame
angleasa hh wave.Thestrengthofa shockflmmtheleadingedge
ofa O.003>~h-thicktapeapparentlycannotbeentirelyneglectedin
determiningtheMachangleintheflow.Thiscomparisonshowsthatno
strongdisturbancesexistinthispartofthee~ion, whichis
indicatedalsobythewall+messuresurvey.

Duringthestudyofthedisturbanceh thefirstexpansion,a
photographwasobtainedofthebreakdownofthesupersonicflowasthe
shockprogressedupstream.Thisphotographispresentedasfigure22
forgeneralinterest.Theupstreamendoftheturbulentareadoesnot
appeartobetheshockfrontbutprobablyresultsfromboundary-layer
separationcausedbythehigh$messuresbehindtheshocktraveling
upstreemaheadoftheshockthroughtheboundarylayer.Shockscanbe
seentot?mweltitotheturbulentaxea.

Total-messuresurveyinthefirstexpansion.-Theresultsfroma
total-pressuresurveycanbeusedtoindicatelossesinthestream,for
withconstantstatic~essure,thelowerthepressurerecovery,thelower
thetotelpressure.Caremustheexercised,however,whena corresponding
static-~essurqsurveyisnotobtainedsincea lowerPssure.recuvery
couldalsoindicatea higherMachnmberifthetotalpressureis
constantendthestaticpressurevariable.Inthecaseunder
considerationwherethedistance%etweenthewallsissndl,a lossin
recoveryprimarilyindicatesa lossintotalpressure.Thepressure
recoveryattheendofthefirstnozzleisshowninfigure23. Atthe
centerline(thatis,at Y = O),thereisessentiallynoregionof
constantpressurerecovery;thusthisplotindicatesthatnearlyallthe
flowisboundarylayerinthisregion.Outfromthecenterline
(thatis,at Y = +2.25and Y = 4.00),therecmerymssure does
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notfalloffsorapidlytowardthewall.Ngure24,whichisa contour
plotoftherecoveriesacrosstheendofthefirststep,alsoshows .
theserestits.Thisfigureagainindicatesthatthegrowthofthe
boundarylayeristhegreatestatthecenterline.An examinationof
theapparenthouudarylayerestimatedfromtotal-pressurerecoveries
alongthelongitudinalcenterlineofthefirstexqymsionisshownin
figure25; ~cated bythisfigureisaveryrapidrateofgrowthand
resultingverythickbcundary.layerinthelast&)~rcentofthe
nozzlealongthecenterline.ThehighReynoldsnumberinthisportion
ofthenozzleandtheabsenceofanyprimarystabi~izingeffectsindicate
thattheboundarylayershouldbeturbulent.Thefigureshowsthatthe
b~ layerintheturbulentformseemstobeginapproximately

o!e4 inchesafterthethrcet.Theboundarylayerbef thispointistoo
thintobemeasuredbythemethodused.Thus,a laminarboundaryla~r
isindicatedfromstationsO to4 whichcanbeexplainedbythepresence
ofa veryfavorablepressuregradientinthisregionwhichtendstohave
a We stabilizinginfluencethoughtheReynoldsnuderishigh.The
t~ckerregionoflow+mer~airatthecenter(seefig.24)canbe
e@atiedonthebasisthattheairheretravelsina deglonof
essentiallyconstant~ssure fora greaterlengthofsurfacethanthe
airflowingoneitherside,ascanbeseeninfigure18. Thebou@ary
layeratthecenterlineisthicknedalsobytheflowofboundary
layerfromttirelativelyhighpressureregionnear.thenoZzleblcdcs
towardthecenterlineofthewell.

Total-pressuresurveyinthesecondexpansion.-Thepressure
recoveriesmeasuredbytotal+eadtubesacrossthetestsectionare
showninfigure26. Attheverticalcenterline,thetatalpressure
dropsawayveryrapidlytowardthewalls. At2 incheseachsideofthe
verticalcenterlfne,thepressurerecoveryfirstincreases,then
decreasestowardthewall.A moreccuttpletesurveyofthepressure
recoveryinthetestsectionisshowntnfigure27asa contourplot.
Thisfigureshowsa lsrgelow-pressureareaprotrudingIntothestream
fromthetopandbottom.Itisshownsubsequentlythatthereisa
generalflowh towardthecenterofthestream.Alongthehorizontal.
centerlinO,a low-pressure+ecoveryareaalsoWojectsintothestream,
w~ch probablyresultsfromthesametypeofboundary-layerflowwhich
wasencounteredint-hefirstfiep.Pressure+ecove~fActorscouldnot
beobta@edclosertothesidewallswiththestrutusedbecauseof
chokingofthe!Plowbetweenthewallandthestrut.

Temperaturerecovery.-Hgure28Wesentstheremts froma tempe~
aturesurveymadebya stagnation+hmperatureprole.Thecentoursin
thisfigureereratiosofabsolutestagnationtemperaturetoabsolute
settl~hsnibertemperature.Thisfigureshowsthata largeareaof
low-energyalrispro~ectingintothestreamjustaswziqshownin
figure27. Thelowerstagnation+bmperaturerecoveriesrepresent
considerablelossintotalenergyinthesepartsofthestream.

+
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Recoveryfactorsofover98.5percentshouldnotbeexpectedsince
stagnationprobeswithnegligibleheatlossesaredifficulttoconstruct.

Effectofsettlixw+%mbermessureonpressurerecoveryand
indicatedMachnuniber.-Insurveysofthisnozzle,largeclumgesX
settl~hamberWessurewerefoundtohaveanappreciableeffect
upontheinticatedI&ohnumiber.Thiseffectisshowninfigure29for
onestaticmattheendofthesecondeqion andthreestationsinthe
testsection.TheseplotsIndicatethata decreaseinthesettling-’
chsmberpressurehasonlya slighttendencytodiminishtheMachnumber
atthehighpressures;thediminutionoflkchnumberincreasesasthe
settlin~haniberpressureisdecreasedtomoderatevalues,and,atsmall
pressures,thelhchnumberdecreasesrapidlywithdecreasingpressure.,,

Thewimary changes that giverisetothiseffectoccurinthe
boundarylayerofthefirste-ion andaffecttheentire nozzleflow.
ThisisindicatedbythechangesshownintheWessurerecoverytaken
attheendofthefirstexpansionforvarioussettl~hauiber
pressuresinfigure30. Thisfigureshowstlmtthedeviationbetween‘
thecurvesforthehi~estsettlin&chsaiberpressureandthecurvesfor
thelowerp?essuresincreasesasthepressuredecreases.Thedeviation
issmallbetween45and22atmospheresandcoqxn?ativelylargebetween
22and10atmospheresandbelow.ThevariationinMach.nuuiberisalso
affectedlychangesinheatconductionIntheflowasthesettling-
chamberpressureislowered.Thus,figures29and30indicatethatthe
effectofchangingboundarylayeronin~catedl&chnuniberassumesa
lsrgemagnitudebelowabout15atmosphe’iwm.“

Itisinterestingtonutethattheloweststagnationpressures
obtainedinthissurveycorrespondtotest-sectionstreampressuresof
about1 millimeterofmercury.Atthispressurewiththelowfree-
streamtemperatureexistinginthetestsection,themeanfreepathof
thefree-streamairisapmoximately0.001inch,whileintheboundary
layerthemeanfreepathisincreasedtoroughly 0.005inchandthefree
~th maybegintohavea slighteffectontheboundarylayer.

YeS* ectionMachnumiber.-TheMachnumbersinthetestsectionare
presentedinfigures31to33ascalculated

(1)Wallandsettliq@mmber”pressure

(2)Wall.andtotal-headtubepressures

from:

(3) Conesurfakepressures

(4)A schlierenconeshock

andtotal+headtube@ressures

survey

. . . ..-. —.—. —------ -— --— -.-—
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TheMch numberacrossthetestsection,calculatedfromwall
pressuresandsettl~haniberstagnationpressure(withisentropic
flowassumed),isc~ed infigure31withtheI&ohnuniberdistribu-
tionatthreestationsacrossthetestsectioncalculatedflromthewall
staticandtotal+eadtulepressures.Bothmethodsassumethatno
static~essuregradientsexistacrossthewidthofthetestsection,
andtheverticalstatic-pressuredistributionatthewallwasassumedto
applyatsllstationsacrossthewidthofthest~sm.Atthecenterof
thetestsection(Z= O),theresultsofthetwomethodsdifferbyabout
7 percent.At Y = O,thisclifferenceincreasesextremelyrapidlyas
thewallisapproached,theMch nmberfzwmthe“total-headandwill
~ressuresdroppingofftocomparativelylowvalues;at Y = 2 and +?,
thissamedmp occursbutstartsa greaterdistanceoutfromthe
verticalcenterline.Figure26showsthatthetotal=head~e
readingsareextremelylowatthehorizontalwalls.Theselowreadings
explainthelargehop intheMachnrmibertowardthesewallsasobtained
fromthetotal-mssurereadings.ThedifferenceintheMachnumber
betweenthetwomethodscanbeexplainedlargelyonthebasisthatthe
flowinthenozzleisnutisentropicendthatlargelossesrecur.A
smallpartofthisdissimilaritycanalsobecausedbythefactthatthe
wallstaticpressuresprobablydonotaccuratelyindicatethefree-
stresmstaticpressure,andthevalueof y (theratioofthespecific
heats)nmynotbeinexactaccordwiththeassumptionof y = 1.40.

AlthoughthepressurerecoverywasmeasuredatstationX = 89.7
andthestaticpressuresat X = 90.5 in thetestsection,theerror
causedbythedifferenceintheactualstaticpressuresandpressure
recoveriesbetweenthetwostationsmaybeneglectedbecauseoftheir
closeness.

TheresultsoffoursurveysofI&ohnuaiberha~ebeenincludedin
figure32fortheverticalcenterlineand2 inchestoeithersideat
stition-90.5. These

(1) Machnumber
(replottedfromfig.

(2)Machnuniber

(3)Wch nuuber

(4)B&h nuzber

surveysare:

frcmlwall
31)

fromcm

staticpressureandpressurerecovery

surfacepressyreandpressurerecovery

frommeasurement

frommeasurement

Attheverticalcenterline,theMch

ofshockanglesfroma 10°cone

ofshockanglesfroma 4°cone

nmiberscalculatedfromthewall
staticandtotal~ead-tubereaM.ngsagreewiththeresultsfromthe
10o-conesurfacepressures.Thetiuesobtainedfromthemeasurement
shocksnglesfhm the4°conearesomewhathigherthanthosefrmuthe

of
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wall.staticpressuresoftheconesurfacepxwmres. StillhigherMach
nwdbersm obtainedatthecenter from theshockanglesforthe
Zo”-inclmd+e cone.

A factorthatmaypartiallyexplainthedifferenceinthecurves
isthefactthatwith-sucha poordistributiontheflowissomwhat
erratic,andthemethodsusedinmakingthecalculationsmaynotbe
accuratewithsuchlargegradientsasarepresent.

o

AlltheseplutsshowthattheMachnudberdecreasesgreatlytoward
thetopandbottomofthetestsection;thissha&pdecreaseinMcates
thstattheverticalcenterline(Y= O),theboundarylayerextendsto
thecenterofthestream.Oneachsideoftheverticalcenterlb
(at Y = 2 and+), somewhatflatt6rdistributionsareobtained,but
againtheMachnuziberdropsoffgreatly,thou@thedropisdisplacedto
a positionnearerthewallandbetteragreementisobtainedbetweenthe
pressureendshockdata.Unfortunately,datafornotallthemethqds
wereobtainedatthesepositions.

IRmmthecoqxrisonofthehh nuuibersfromthedataofwall
~ssuresandthedataofcme surfacepressures(fig.~2(b)),the
percentagestatic-~essurevariationinthestreamisseentobesmall
comparedwiththepercentagevariationintotalpressure.Thehh
nwibervariationsareduealmostentirelyto‘total-pressurevariations.

IHgure33presentstheresultsfw horizontalsurveysatthree
verticalstationsat X = 90.5. At Y = O forthisstation, the I&h
nuniber,asdeteminedfrm cones-e pressures,shdwsappreciable
decreasestowardtheverticalwalls,whereas2 inchesaboveandbelow
thispmitionthelkwhnuniberinoreasesgreatlytowardthevertical
walls. Thisdifferenceisa‘consequenceofthelow+nergyregionthat.
exbndsintotheflowsmdhasbeenshown~-~j however,
appreciablescatterexists.At Z = O,theagreement,betweenthetwo
methods(cme surfacepressureandconeshocks)Isgoodnearthecenter
ofthestream.Awayfromthecenterat Z = O,theconemessures
Indicate a decreasing Maohnuniberwhereastheresultsfromthemeasure-‘
mentsofshocksshowanincreasingMachnuniber.Inthiscaseat Z = O,
theresultsflmmtheconesurfacepressuresseemtobethemorelikely..

Thel&chnuniberobtainedfromconestatic~ssuresandtotal- .
pressurereadingsisconsideredtogivethemostaccurateinMcationof
lkohnmdberinthissurvey.TheMachnumbercalculatedfromwallstatic
pressuresandthetotalpressureInthestreamhgreeswiththeMach
nmiberdeterminedfma theconestatic~ssuresandtotal-wessure .
measurementinthestream.M thisnozzle,thepercentagelateral-
static+messurevariationissmallccmgxmedwiththepercentagetotal-
pressurevariations.ThemethodbywhichtheMachn-er isobtained
fromcone-shockmeasurementsis,ingeneral,sub#ecttoinaccuracies

. ..- .—— ---— -— .-— ._-.. -.__— — .——
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since,foronel&chnuniberrangeobtainedinthetestsection,the
chmge@ shockanglewithlargechangesinlkchnumberissmall.For
a variationinlhchquniberfrcua6.5to7.5,thechangeinshock
semiemglefora 10°coneisonly1°. Probablythebestaccuracythat
couldbeexpectedinmeasuringconeshockswouldbe0.10.Wherethe
shockiscurved,relativelylargeerrorsindeterminingshockangles
couldbee~cted. Boundarylayeronthecoaeisbelievedtohavehad
onlya smalleffectuponthedataobtainedintheconesurveys.Wall
staticandsettling+hsmberpressuresdonotaccmtelydeteminethe o

I&ohnmiber.

FlowEmRlesinthetestsection.- Flowangleshavebeenctnnputed
lmthfromtheshockanglesfromconesandfromconesurfacepressures
andarepresentedinfIgures34and35. .

. Themostcompletesurveyofflowanglewasobtainedatstation88.5
fortheverticalflowdeflectionalongtheverticalcenterline
(fig.’34(a)). Thisfi@reindicatesthatatthisstationthereisa
stringverticalflowtowardthecenterofthestream.(Actuallythe
theoryofreference2,uponwhichtheflowangleswerecalculated,”
assumesthattheflowanglesaresmallandthattheflowisuniform.)
Considerablestagnationpressureandlhchnuoibergradientsare~esent
inthesetests,and,wheretheflowanglesapproach6°,theycannotbe
consideredmall;however,themagnitudeof’theflowanglesis
consideredtobeappro~telycorrect.Tl+isagreementofresults
overmostoftherangebetweentheshcxk~e andthecone+urface-
pressuretitsisconsideredgood.

Thehorizontalsurveyofthehorizontalflowdeflectionat Z = O
~setiedinfigure34(b)in&lcatesthatthehorizontalflowanglesare
sqalland-gely withintheaccuracyofthemeasurements.

At station90.5attheverticalcenterline(fig.35(b)),theflow
anglesintheverticalplaneareessentiallythesameasthoseat
station88.5uvera largeportionofthecurve,althoughlessdataare“
available.Oneadditionalcurveisincludedwhichwastakenfrom4°cone
data.Reasonableagreementisevidentbetweenthemethods.

At2 inches toeithersideoftheverticalcenterline(figs.35(a)
and35(c)),theresultsfromthesh~kindicatea considerablysmaller
flowtowardthehorizontalcenterllne(actuallytheyindicateflowto

P
a pointsli tlyabovethehorizontalcenterline).Amaximumangleof
lessthan2 wasmeasuredatthesestations;however,onlyshockdata
wereobtained.

-t

1

.

Horizontalflow@es acrossthetestsectionarepresentedin
figures35(d),35(e),and35(f).Amydefinitetrendsinflowdirectim

.- _—. . . . .. . .-— --
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are difficulttodetemineftwmthesefigures,buttheanglesare
comparativelysmalland,forthemostpart,withintheerrorsofthe
measurawttechnique.

Bothmethodsbywhichtheflowanglesinthestreamwereobtained
arestijecttolargepossible errors. Themethodusingconestatic
pressuredependsona smalldifferencebetweentwopressures.This
differencewasofthesamemagnitudeastheaccuracyofthemeasurements
forlowangles.‘ThemethodUS* cone-shockanglesdependsonthe
measurementofshocksfromschlierenphotographs.Theinaccuracies
involvedinmeasuringshockangleshave~eviouslybeendiscussed.Both
methodsarebasedontheassumptionofuniformflowoverthearea
affectingthemeasurementsandontheassumptionthattheflowaugles
aresmall.Theflow,however,hasbeenshowntohavelargegradients,
andtheflowanglesarelarge.Forthesereasons,theresultstramthe
flow=an@esurveysareconsideredtobequalitativeonly.

Pressureratio re~tiredtomaintainfluw.-Becauseofthepoorflow
obtainedinthisnozzle,nospecificeffortwasmadetodeterminethe
effectofvarioussecond+uhhm+to+est+ectio~a ratiosuponthe
pressureratiorequiredtomatitainflow.Duringthecourseofthe
investigation,however,datawereobtainedforthepressurenatio
requiredwithandwithoutthemodelSU- strutinplaceandare
presentedherewithforgensralinterest.Forappllcatimstoanybut
theriozzle,mtiewetiinthisreport,thedataaretobeconsideredmerely
qualitative.

Withoutthemodelsupportstrub,becauseofa smallcontraction
afterthetestsection,thereisa slightsecond~ effectfor
whichthearearatiois0.951.Forthiscondition,thepressureratio
requiredwasabout150.Withthemodelsupportstrutinplace,thearea
ratiowasreducedto0.779,andtheWessureratiorequiredreducedto
approximately$30.Thus,a decreaseofkOyercentinthepressureratio
requiredtomaintainflowisobtained.Themodelsupportstrut,
verticallyspanningthetunnel@st afterthetestsection,wasdiamond
shapeincrosssection,2 incheswideand20incheslong.

Generaldiscussionofthenozzlecharacteristics.=Theresultshme
shownthatthe,flowthroughthisnozzlewasemtirelyunsatisfactory“
fcmuseina tindtunnel.Theorighofthepoorflowisinthefirst
expansionofthenozzle.Theflowhasbeensh= tofollowthe
theoreticalflowtoatioximatelythepointatwhichthecentez=llne
Mch nuniberistheoreticallyconstant.Total-pressurestudieshave .
shownthatjustaheadofthispoint,onthecenterllneofthewalls,
a rapidgrowthofa~ent boundarylayerbegins.Furthermore;atthe
endofthenozzle,theappmmt boundarylayerismuchthickeralong
theverticalcenterllnet~ oneitherside.
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Therateofgqowthofboundarylayeralongthecenterlineofthe
sidew&U.ofthefirstexpsasionisconsiderablylargerthancanbe
aocountedforbythecompressibleturbulent+oundary-layertheoriesof
reference5. Heattransfertothewallsandboundary-layerflowsmake
ananalystsoftheboundarylayerwiththeactualnozzleconditions
extremelydifficult.Throughoutmostofthelengthofthenozzle,the
~essureatthecenterlineofthe=el wallsismuchlowerthan
thatattheedgesnearthenozzleblocks.This~ssure gradienthas. a tendencytocauseboundary-layerflowfromthenozzleblockstoward
thecenterlineoftheparallelwalls.Astheflowsfrcmthetwosides
meetatthecenterline,theirmomentumcarriesthemintothestream
andstartsa circulationintheflow.Thiscirculationisapparently
carriedoverintothesecondnozzle,sincea flowtowardthecenterof
thestreamwasfoundtoexistalongtheverticelcenterlineasfar
downstreemasthetestsection.Thecarry-overofthiscirculationis
furtherevidencedbytheregionofl~nergy airwhichWojectsInto
thestreamalongthetopandbottomofthevehticalcenterlineas
measuredbybothtotal+eadtubesandstagoatio=tqraturetherm+
couples.Thiscirculationmaybeaugmentedsomewhatatthesudden
expmsionbythepoorvelocitydistributionattheendofthefirst
nozzle.A smallcountercirculationisaplxxrentlysetupalongthe
verticalwallsoftheseconde~ion as shownbythelow+mergy
areaspro~ectingintoeachsideofthestreamalongthehorizontal.center
llne(fig.24).Thewessuregradientsonthesidewallsofthesecond
expsnsionwouldtendtooriginatethesametypeofflowintheboundary
layerasexistsinthefirste~ion; however,theboundary-layer
flowhasnotsolongtodevelopandalsothecrosssectionofthesecond
e~ion isofconsiderablybettermoportions.

Thedisteacebetweentheparallelwallsinthefirstexpansionis
sosmellcomparedwiththedistancebetweenthenozzleblocksthatthis
typeofboundary-laywflowcanhavea verypronouncedeffectonthe
nozzleflow.Theeffectofthisbounda&ylayerwouldprobablybe
lessH thesuddene-ion atthebe~ ofthe secondStepOf
thenozzlewerereplacedbya moregmdti OIB;however,theMb
causeforthepoorflowWOtiastillexist.Becausethefluwis
very.unfavorableandisvirtuallyallboundarylayeratthecenterline
attheendofthefirstexpansion,thepresentnozzlewouldbedifficult
tomo&Mytoobtainsatisfactory~rformance.Probably,themostlikely
methodofcorrectingtheflowinthisnozzlewouldbetormmvethis
boundarylayerinthe.firstexpansionasitbtildsup,thereby
eliminatingthepossibilityy ofboundary-layerflowanditsresulting
circulation.Thepossibilityy thatboundary-layerremovalwouldresult
in
as
to

animprovementoftheflowinthisnozzlecanonlybeconjectural
toolargea percentageoftheairmayhavetoberemovedinorder
maketheeffectsoftheboundarylqyerontheflownegligible..

.

.
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. Anotherpossibilityof~oving thenozzleflowwouldbeto
. im~e theproportionsofthefirste~ion sothattheUstsnce

betwentheparallelwallsisa greaterpercentageofthedistance
betweenthenozzleblocks.Evenwithim@mvedmoportionsboundary-
layerremuvalattheendofthefirstnozzlewould~obablyberequired
toobtainsatisfactoryflowinthesecondnozzle.

Theproblemsassociatedwiththesingle-stepnozzleappeartobe
lessdifficultthanthoserequiredtomaketheflowinthetwo-step
nozzlesatisfactory.Theuse”ofa singl~tepnozzlethdreforeappears
tobea betterapproachtoobtatisatisfactoryflowat M= 7. During
preparationofthisreport%testsofa singl-ep nozzlewerein
~ogress.PreMminaryins~cticmoftheres~tsindicatethattheflow “
inthisdesignisreascmablyuniformbothasregardsMachnumber
distributionandstreamregularity..

coNcLuDmRmARm

Testsinann-inchhypersonictunnelhaveshownthat,althougha
maximumMch nuuiberofabout6.5 wasobtained,thet~tep ordouble-
eqsion nozzle~estigatedwasunsatisfactoryfora lqprsonic
tunnel.lkrgelowmmrgyareasprojectedintothe“streamalongthe
verticalcenterlineofthenozzle.Theairflowedtowardthecenter
ofthestreamatlargeanglesontheorderof60alongthevertical
centerline.A,circulationemanatingfromtheflowofboundarylayerin
theftrsteqion ofthenozzle,codxtnedwiththethickboundary
layerattheendofthefirstqsion, apparedtobethecauseofthe
~or flowinthetestsection.Thepercentagevariationsintest43ection
staticpressurewerecomparativelyz asevidencedbytheagreement
ofMachnumberfromthedataofwallpressuresandthedataofthecone
surfacepressures.Thel&chnabervariationisalmostentirelydueto\
losses in total.pressurethroughthe stresm.

.

I

Settling+hamberpressureshada defInfteinfluenceuponthenozzle
Machnuniber.Theeffectwasappreciableatsettlin&chmiberpressures
belowabout15atmospheresandwast=ed tochangesintheboundary
layerofthefirstexpansionwithchangesinsettlin&ohamberpressure,
thevariationbeingappreciablewhenthesettliq@mnber~ssure was
reducedfromabout20to10atmos~eres.

I&zQtheclifficultiesencounteredwiththisnozzle,itappearsthat
bothboundary-layercontrolsmdbetter~oportionsinthefirst
expmsionwouldberquiredtoobtainsatisfactoryflqwinthist- of
nozzle.
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l?reliminaryinspectionoftheresultsfroma single+tOpnozzle
underinvestigationduringthepreparationofthisreportindicates
thattheflowisreasonablyunifomnbothasregardsMachnuuiber
distributionandstreamangulari~.

qey JiermautimlLaboratory
NaticmalAdti13myCommitteeforAeronautics

Len@sgAirForce-se,Va.,August31.,1949
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Figure4.- View of the tunnelfraathe heat emhanger to the 2&lnoh yalmt.
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(a)No flow.
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7.l&i7
(b) M equalapproximately6=5=L.605@

Fi~e 12.-Schlieren.photographaofa 4°cone.
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Figure13.-Schlierenphotograph of a 10°cone.
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Figure14.-Surveyprobes.(All’dimensionsareinInches.)
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(a) Shockpattern(approx.kmicrosec exposwe).

.

(c) Noflow. v
Figure 20.- L-60577ScUe~ photo~ph ofa portimofthefirstexpa=im.
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